A novel lactose-responsive promoter of the ATP-binding cassette (ABC) transporter gene Lba1680 of Lactobacillus acidophilus strain 05-172 isolated from a traditionally fermented dairy product koumiss was characterized. In L. acidophilus 05-172, expression of Lba1680 was induced by lactose, with lactose-induced transcription of Lba1680 being 6.1-fold higher than that induced by glucose. This is in contrast to L. acidophilus NCFM, a strain isolated from human feces, in which expression of Lba1680 and Lba1679 is induced by glucose. Both gene expression and enzyme activity assays in L. paracasei transformed with a vector containing the inducible Lba1680 promoter (P Lba1680 ) of strain 05-172 and a heme-dependent catalase gene as reporter confirmed that P Lba1680 is specifically induced by lactose. Its regulatory expression could not be repressed by glucose, and was independent of cAMP receptor protein. This lactose-responsive promoter might be used in the expression of functional genes in L. paracasei incorporated into a lactose-rich environment, such as dairy products.
INTRODUCTION
Lactobacilli are members of the lactic acid bacteria (LAB), a class of Gram-positive bacteria that form lactic acid as the primary product of carbohydrate metabolism (Duong et al. 2010) . Comparable to Lactococcus lactis, lactobacilli can persist for long periods in the digestive tract and some strains have intrinsic probiotic functions (Kechaou et al. 2013) . They are therefore attractive hosts for expressing heterologous proteins, vaccines and drugs (Bermúdez-Humarán et al. 2011; LeBlanc et al. 2013) . Efficient expression systems for lactobacilli are therefore of great importance, and wide effort has been invested in their exploration. One such system is the bacteriocin sakacin P-inducible expression system (Axelsson, Lindstad and Naterstad 2003; Sørvig et al. 2005) .
Sugar-controlled expression systems have been reported to show several advantages in LAB (De Vos 1999; Miyoshi et al. 2004) . This work
First, genes involved in sugar transport and catabolism are usually organized into strongly expressed operons. In addition, most of the sugar utilization systems are dually controlled by CcpA-dependent catabolite repression and a dedicated regulator (Saier et al. 1996) . At same time, these systems rely on the environmental sugars and do not need expensive inputs. Thus, some expression systems have been developed into an alternative laboratory tool for heterologous protein expression in LAB (Miyoshi et al. 2004; Viegas et al. 2004) . For example, Xylose-inducible promoter P xylT resulted in highlevel and long-term heterologous protein production (Miyoshi et al. 2004) . Also fructooligosaccharides, lactose and trehalosebased vectors can be highly induced by their specific sugars (Duong et al. 2010) . Unlike the substrate/metabolite-induced polycistron and substrate-specific transporter gene expression mode, which is controlled by an inducible repressor and CcpAdependent carbon catabolite repression (CCR) or catabolite activator protein (Brückner and Titgemeyer 2002) , the sugar ATPbinding cassette (ABC) transporter, which controls the massive carbohydrate influx into bacterial cells, is a periplasmic bindingprotein-dependent transport system. This system, in particular, the maltose/maltodextrin transport system, is known to act in inducer exclusion regulatory mode in Escherichia coli and Salmonella (Kühnau et al. 1991; Böhm et al. 2002; Davidson and Maloney 2007) , as well as in Lactobacillus (Kühnau et al. 1991; Hekstra and Tommassen 1993; Bordignon, Grote and Schneider 2010) . Recently, gene expression in Lactobacillus acidophilus strain NCFM was studied (Altermann et al. 2005; Barrangou et al. 2006; Andersen et al. 2011 Andersen et al. , 2012 . Whole-genome analysis indicated that the operon Lba1680-Lba1679 encodes an ABC transporter ATP-binding protein and ABC transporter permease protein, which show high levels of expression with glucose as the sole carbohydrate source, compared to other monosaccharides (fructose and galactose) and disaccharides (sucrose, lactose and trehalose) (Barrangou et al. 2006) . Since L. acidophilus NCFM was isolated from human feces (Gilliland, Speck and Morgan 1975) , differential expression of the Lba1680-Lba1679 operon may result from effective acclimation of bacterial growth to that of particular environment (Kleerebezem et al. 2002) .
In this study, we investigated the expression of the homologous La1680-La1679 operons in L. acidophilus strain 05-172 and L. paracasei strain L14, which were originally isolated from koumiss and cow milk, respectively. We found that L. acidophilus 05-172 and L. paracasei L14 developed an ABC transporter gene expression pattern that differs from that in L. acidophilus strain NCFM. An expression vector for L. paracasei was constructed containing the inducible Lba1680 promoter (P Lba1680 ) of L. acidophilus 05-172 and the gene encoding heme-dependent catalase as the reporter. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and catalase activity assays were employed to assess the promoterinduction model for recombinant strains grown with different carbohydrates.
MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli strains were grown at 37
• C in LuriaBertani (LB) medium with shaking at 200 rpm. Lactobacillus acidophilus 05-172, L. paracasei L14, L. paracasei IF13 and L. rhamnosus GG were propagated statically at 37
• C in a semisynthetic medium (SSM) (Barrangou, Altermann and Hutkins 2003) supplemented with 1% (w/v) of the appropriate carbohydrates. Cells underwent five passages on each sugar before RNA isolation and protein extraction to minimize carryover between substrates (Chhabra et al. 2003) . Antibiotics were used at the following concentrations: 500 μg ml −1 erythromycin or 100 μg ml −1 ampicillin for E. coli and 5 μg ml −1 erythromycin for lactobacilli.
RNA isolation and quantitative reverse transcription PCR analysis
Lactobacilli were inoculated into SSM supplemented with 1% (w/v) of the selected sugars and grown to mid-log phase (OD600 ≈ 0.6). Cells were harvested and RNA isolation was performed as described by Zuo et al. (2014) . Briefly, total RNA of cells in 
The added restriction enzyme sites are underlined.
the exponential growth phase was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA) and then digested with RNase-free DNase I (Takara, Dalian, China). RNA concentrations were measured spectrophotometrically at 260 nm. The absence of residual DNA in the total RNA digested by DNase I was confirmed by PCR. Reverse transcription was carried out with M-MLV Reverse Transcriptase (Promega, Madison, WI) in a 20-μl reaction volume containing 150 ng random primers and 1 mM dNTP mix (Promega). Specific primers and the internal control gene 16S rRNA from Lactobacillus were designed with Primer Premier 5 software (Table 2) . Quantitative reverse transcription PCR (qRT-PCR) was carried out using a SYBR Green assay kit (QIAGEN, Hilden, Germany). Gene expression was normalized by the CT method (Schmittgen and Livak 2008) using 16S rRNA as the reference for the calculations. The experiment was performed in triplicate and the average results are reported.
Molecular cloning procedures
The vector pMG76e was derived from pMG36e (van de Guchte et al. 1989) . Briefly, the P 32 fragment was amplified using the LAB expression vector pMG36e and two primers: P 32 -F and P 32 -R ( Table 2 ). The PCR products were purified and cloned into the pMD19-T simple vector (Takara), generating plasmid pMD19-P 32 . pMD19-P 32 was digested with Eco RI and Xba I (Takara), and the promoter fragment was cloned into pMG36e digested at the same recognition sites, generating plasmid pMG46e. A synthetic double-stranded linker (NH-linker-F and NH-linker-R, Table 2 ) was cloned into the Xba I and Hin dIII sites of pMG46e, generating plasmid pMG76e with designed multiple cloning sites, including Sal I, Acc I, Sph I, Bam HI and Xho I.
The promoter of gene Lba1680, P Lba1680 , from L. acidophilus 05-172 was amplified by PCR with primers designed according to GenBank Accession No. NC006814.3 of L. acidophilus NCFM (Table 2 ) and cloned using L. acidophilus 05-172 genomic DNA as the template. The PCR product was purified and cloned into cloning vector pMD19-T simple vector to form pMD19-P Lba1680 , and successful clones were confirmed by nucleotide sequencing. pMD19-P Lba1680 was digested with Eco RI and Xba I, and the promoter fragment was cloned into pMG76e digested at the same recognition sites, respectively. The recombinant vector was named pMZ401.
To investigate protein expression level under different carbohydrates, catalase (Kat) was used as the reporter protein. Kat was PCR amplified from pMD19-LpKatL (Zuo et al. 2014 ) using two primers: Kat-F1 and Kat-R1 (Table 2 ). The PCR product of the Kat fragment was purified and cloned into pMD19-T simple vector to form pMD19-Kat. pMD19-Kat was digested with Xba I and Hin dIII, and the Kat fragment was cloned into pMZ401 digested at the same recognition sites. The recombinant vector was named pMZ401-Kat. All of these vectors were constructed in E. coli strain DH5α. The resulting expression plasmid pMZ401-Kat was transformed into the heterologous host L. paracasei L14 by a previously described method (Thompson and Collins 1996) . Transformant was confirmed by colony PCR and plasmid DNA extraction.
SDS-PAGE analysis and quantitative assay of Kat activity
For SDS-PAGE analysis, recombinant L. paracasei L14 strains were grown aerobically at 37
• C in SSM supplemented with 5 μg ml −1 erythromycin and 10 μM hematin (Sigma). Cells at the exponential growth phase were harvested at 4
• C, resuspended in PBS buffer (pH 7.4) and ultrasonically disrupted. The supernatant was mixed with loading buffer, and the expressed protein was detected by 12% SDS-PAGE. Quantification of the protein bands was analyzed with Quantity One software (Bio-Rad). Quantitative assay of Kat activity was performed as described by Sinha (1972) with some modifications. Briefly, cells in the early-exponential phase (OD 600nm ≈ 0.6) were harvested and resuspended in phosphate buffer (0.1 M, pH 7.0) at 10 8 c.f.u. 
RESULTS
Lba1680 expression pattern in Lactobacillus acidophilus
05-172 grown with different carbohydrates
Expression of the native gene Lba1680 of L. acidophilus strain 05-172 grown with different sugars was assayed by qRT-PCR (Fig. 1a) . Expression of Lba1680 in strain 05-172 was induced when grown with lactose, which was 6.1-fold higher than that with glucose, and 3.6-fold, 4.1-fold and 4.0-fold higher that with sucrose, fructose and galactose, respectively (Fig. 1a) . Expression of the Lba1680 homologous gene of L. paracasei L14 isolated from milk was also induced by lactose, which was 4.5-fold higher than grown in glucose (Fig. 1b) .
Structural and heterologous expression characteristics of the P Lba1680 promoter
The structural features of the entire sequence of P Lba1680 of L. acidophilus 05-172 were analyzed by bacterial promoter analysis. Nucleotide sequencing revealed that the promoter region of Lba1680 is 100% homologous with that from L. acidophilus NCFM (Fig. 2a) . The basic elements of the promoter-the ribosomebinding site and the potential -35 and -10 sequences-were predicted with Virtual Footprint software promoter analysis and softberry programs, and the consensus cre (cataboliteresponsive element) site was existent (Fig. 2a) according to further analysis with Bacillus subtilis reference genome sequence data (Miwa et al. 2000) . To investigate the putative promoter P Lba1680 , the upstream DNA fragment of Lba1680 (Fig. 2a) of L. acidophilus 05-172 was cloned and inserted as a promoter into the Lactobacillus expression cassette pMG76e to construct a carbohydrate-inducible vector (Fig. 2b) . The set of vectors pMZ401 and pMZ401-Kat based on pMG76e with Kat as the reporter gene were successfully introduced into L. paracasei L14 by electroporation.
Heterologous Kat expression was detected at the translational level after incubating in SSM supplemented with different carbohydrates. SDS-PAGE of cell-free extracts of the L. paracasei L14/pMZ401-Kat strain showed a visible band representing the Kat protein under lactose induction (Fig. 3a) , confirming that the highest levels of Kat were obtained when the strain was exposed to lactose. Kat protein was also induced when transformant was grown in SSM supplemented with lactose + glucose ( Fig. 3a  and b) , indicating that glucose neither induced nor inhibited Kat expression.
Accordingly, quantitative assays showed the highest level of Kat activity in L. paracasei L14/pMZ401-Kat when the strain was exposed to lactose and when it was exposed to lactose + glucose, which was about 3-fold higher compared to glucose (Fig. 4) . Since L. paracasei L14 derivatives grown in SSM with lactose + glucose and those grown in SSM with lactose only showed similar reporter activity, we assumed that glucose does not influence the lactose induction.
DISCUSSION
In Lactobacillus acidophilus NCFM, Lba1680 was found to be highly induced by glucose compared to other monosaccharides (fructose and galactose) and disaccharides (sucrose, lactose and trehalose), as determined using whole-genome cDNA microarrays (Barrangou et al. 2006) . However, in this study, transcription data analysis of L. acidophilus 05-172 indicated that Lba1680 expression (Fig. 1a) is inconsistent with that in L. acidophilus NCFM. In L. acidophilus 05-172, Lba1680 was slightly induced by fructose, galactose, sucrose and glucose but more induced by lactose (Fig. 1a) . The Lba1680 homologous gene in L. paracasei L14 was also induced by lactose (Fig. 1b) . Since the Lba1680 promoter sequence of L. acidophilus 05-172 is 100% homologous to that from L. acidophilus NCFM, the differential transcriptional induction by lactose in the two strains is probably not based on promoter features or core cis-elements. The discrepancy in the experimental results might be attributed to the different genomic background and lifestyle adaptation. Studies have reported that bacteria can adjust their gene expression, forming a lifestyle adaptation region in the chromosome that is used to effectively adapt to different environment (Kleerebezem et al. 2002) ; they can also acquire specific carbohydrate utilization capabilities by rearranging their genetic make-up to gain a competitive edge in colonizing the human gastrointestinal tract, ultimately creating a more beneficial microbiota (Barrangou, Altermann and Hutkins 2003) . Lactobacillus acidophilus NCFM was isolated from adult feces, whereas L. acidophilus 05-172 and L. paracasei L14 were originally isolated from koumiss and cow milk, respectively. Long-term survival in dairy products may have prompted L. acidophilus 05-172 and L. paracasei L14 to adapt to this lactoserich environment. To further verify this hypothesis, we tested another two Lactobacillus strains: L. paracasei IF13 isolated from infant feces (Zeng et al. 2016) and L. rhamnosus GG isolated from human intestinal flora, for Lba1680-homologous gene expression. In L. paracasei IF13, the Lba1680 homologous gene was induced by lactose compared to other sugars (see Fig. S1a , Supporting Information); however, the homologous gene in L. rhamnosus GG was slightly induced by glucose rather than lactose compared to other sugars (see Fig. S1b ). Since lactose is the main sugar present in infant intestines, whereas glucose is present in adult intestines, the results indicated that natural environment might be a factor to influence this gene's expression, and more Lactobacilli strains need to be studied to prove this hypothesis. Many lactose-inducible genes have been found in the lactose-phosphoenolpyruvate-dependent phosphotransferase system (Lac-PTS) (Chassy and Thompson 1983; de Vos and Gasson 1989) . Since gene Lba1680 of L. acidophilus 05-172 was also induced by lactose, we searched for similarities with Lac-PTSs. The Lac-PTSs usually contain genes encoding transport proteins and repressors to regulate transcription of these operons (De Vos and Gasson 1989; Alpert and Siebers 1997) , and they have been found to be subject to CCR (Warner and Lolkema 2003) . The promoter region usually contains some similar cis-acting elements, such as catabolite-responsive element (cre) which mediates CCR (Miwa et al. 2000) . Gene Lba1680 of L. acidophilus 05-172 belongs to the ABC transporters and, similar to the Lac-PTSs, there were two cre sequences present in its promoter region (Fig. 2a) . However, glucose did not inhibit gene expression ( Fig. 3a and b) , displaying a mode of action that is not under CRP regulation, which is quite different from the Lac-PTSs.
High induction of Lba1680 from L. acidophilus 05-172 by lactose offers applied value for the construction of specific lactoseinducible expression vectors using the Lba1680 promoter. Indeed, both protein expression and enzyme activity revealed that the plasmid that we constructed was lactose responsive (Fig. 3a and b) . Because the lactose-inducible plasmid was not repressed by adding glucose to the medium, Lactobacillus can be grown in rich medium with high levels of glucose, making it valuable for obtaining high levels of synthesis of a target protein. This phenomenon is similar to the relaxed control of sugar utilization in L. brevis in which gene xylT was equally expressed by adding xylose or xylose combined with glucose (Kim, Mills and Shoemaker 2009) . However, it is worth mentioning that this lactose-inducible system might have limitations for use into some other Lactobacillus strains with different genomic backgrounds, because it may display different regulation patterns.
We conclude that the gene Lba1680 from L. acidophilus strain 05-172 is induced by lactose, and that this lactose induction is not affected by glucose repression. A lactose-inducible expression vector was constructed based on the Lba1680 promoter and verified by heterologous expression of Kat in L. paracasei, which might be used in the expression of therapeutic molecules in lactobacilli living in a lactose-rich environment. Lactobacillus acidophilus 05-172 can also be used in dairy products or as a probiotic to relieve lactose intolerance in humans. The new application of P Lba1680 and Lba1680 warrants further study.
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